The metabolic burst (as measured by the spontaneous and stimulated nitroblue tetrazolium tests), the phagocytosis of heat inactivated bakers' yeast and of Staphylococcus aureus, the killing of Staph aureus, and the myeloperoxidase activity of polymorphonuclear neutrophils were studied in 11 patients receiving maintenance haemodialysis. Of these patients, six were polytransfused and had high serum ferritin concentrations (mean 5940 (SD 2925) [tg/l; group 1), and five had normal serum ferritin values (mean 171 (116) [tg/l; group 2). Patients in group 1 had a history of more infectious episodes (0.167 v 0-025 per patient per month) and significantly more genitourinary infections (p=0.015) than those in group 2. Phagocytosis and myeloperoxidase activity were severely reduced in group 1 but normal in group 2. Percentages of neutrophils ingesting one or more particles together with the index of phagocytosis in patients' serum were inversely correlated with serum ferritin concentrations. Four patients in group 1 were treated with desferrioxamine, and after six to 18 weeks of treatment phagocytosis and myeloperoxidase activity had returned to normal in three of them.
Introduction
Bacterial infections continue to be a major threat to patients undergoing maintenance haemodialysis. In published reports 14-38% of all deaths have been attributed to problems related to infection.' Studies of phagocytosis and intracellular killing of bacteria by leucocytes from patients receiving haemodialysis are often contradictory,2 and even when phagocytosis is shown to be altered the causes are not clear. Uraemia by itself apparently does not change the phagocytic properties of leucocytes. 3 The frequency of iron overload due to supplementation or multiple transfusions4 and the well established relation between haemosiderosis and susceptibility to infection suggest that iron may play a part in the infectious problems of patients receiving haemodialysis.56 Among the mechanisms implicated is the possibility that the increased availability of iron stimulates bacterial growth and increases virulence.' Recent studies, however, have emphasised the deleterious effect of excess iron on leucocytes. 8 We have investigated the possible role of iron overload in the altered function of polymorphonuclear neutrophils in patients receiving maintenance haemodialysis.
Subjects and methods
From our 72 patients receiving long term haemodialysis we selected six polytransfused patients with high serum ferritin concentrations (group 1; mean serum ferritin concentration 5940 (SD 2925) ,ig/l) and compared them with five matched controls with normal values (group 2; mean concentration 171 (116) [tg/l). The 1   39 Chronic glomerulonephritis  70  37-5  0  4-1  8500  35-3  34-9  53  2  54 Chronic pyelonephritis,  42  23-2  0  7 0  8000  34-9  34-9  25  15  bilateral nephrectomy  3  49 Chronicpyelonephritis  50  35 7  0 7  7 1  8300  36-7  35 6  65 Thirteen healthy subjects (medical staff) served as controls.
LABORATORY TECHNIQUES
Blood samples were taken into sterile tubes before systemic heparinisation and before dialysis. Neutrophils were obtained from 20 ml heparinised blood samples by a modification of Boyum's method.9 Erythrocytes were haemolysed and neutrophils isolated by five differential centrifugations followed by resuspension in Hanks's balanced salt solution containing 0-1% gelatin. Total and differential leucocyte counts were determined. The leucocyte pellets finally obtained were suspended to concentrations of 5 x 109 and lOx 109 polymorphonuclear neutrophils/l. Spontaneous reduction of nitroblue tetrazolium was studied by a modified version of the method of Park et al.'0 Equal volumes of the suspension of lOx 109 neutrophils/l and of the nitroblue tetrazolium solution were mixed in an agitator for 30 minutes at 37C and the neutrophils removed by centrifugation. Smears were stained by May-Grunwald-Giemsa and 200 neutrophils counted to establish the percentage of positive cells.
The stimulated nitroblue tetrazolium test was adapted from the method of Baehner and Nathan, as modified by Holmes et al. " The metabolic burst in neutrophils was stimulated by phagocytosis of latex particles in the presence of reduced nicotinamide adenine dinucleotide in the medium. Phagocytosis was studied using particles of bakers' yeast and bacteria (Staphylococcus aureus). Bakers' yeast was heat inactivated and suspended at 50x 109 particles/l in 0 9% sodium chloride. Staph aureus 42 d was grown for 18 hours in brain heart infusion broth (Difco, Detroit, USA) and suspended at 300x 10' colony forming units (CFU)/l. The bacteria were opsonised for 10 minutes in pooled normal human serum or in patients' serum.'2 After opsonisation the serum was removed by centrifugation and the bacteria suspended to a concentration of 50x 10' CFU/I in Hanks's balanced salt solution.
For the study of phagocytosis equal volumes of yeast particles and suspension of neutrophils in normal or patients' serum were mixed in polypropylene phials (25% of serum in the medium)'3; opsonised Staph aureus, in normal or patients' serum, were mixed with a suspension of polymorphonuclear neutrophils in Hanks's balanced salt solution (vol 1:1). The final particle to phagocyte ratio was 10:1. The mixtures were incubated under rotation at 37°C for 30 minutes, after which phagocytosis was stopped by centrifugation in ice. Droplets of the sediment were spread on slides. These were stained by May-Grunwald-Giemsa and 200 neutrophils examined to establish the percentage ingesting one or more particles and to calculate the mean number of particles phagocytosed by neutrophils (index of phagocytosis).
The assay for intracellular killing was adapted from that of Leijh et al. 14 infection, sometimes with septicaemia due to E colt not eradicable despite prolonged treatment with appropriate antibiotics. Table III shows the results of the neutrophil function studies in the two groups of patients and in the 13 healthy controls. The reduction of nitroblue tetrazolium as measured by the spontaneous and stimulated tests was not significantly different between the two groups of patients. The index of phagocytosis and the percentage of neutrophils phagocytosing at least one particle were, however, significantly lower in group 1 for both yeast and Staph aureus. In these patients phagocytosis ofStaph aureus was improved in the presence of normal serum but remained low in comparison with the controls. The difference was significant between normal serum and patients' serum in the percentage of neutrophils ingesting at least one particle (p-005) and at the limit of significance for the phagocytosis index (p%O 10). Bacterial killing was normal in both groups.
The myeloperoxidase activity score was lower in group 1 than in group 2 (pa 05). Perls' reaction was tested in three patients with iron overload and showed iron in over 5% of their neutrophils. In healthy controls no neutrophils were Perls' test positive. Phagocytosis of Staph aureus in patients' serum was inversely correlated weeks of treatment, however, all but one (case 5) had a normal phagocytosis index (table IV; fig 2) . In case 3 administration of desferrioxamine was interrupted and neutrophil function measured four weeks later. A profound alteration of the phagocytosis of particles was found.
Of particular interest was case 2. In this patient phagocytosis returned to normal with desferrioxamine but she developed high grade fever with signs of peritonitis; laparotomy showed terminal ileitis with mesenteric purulent adenitis. Cultures of pus and blood grew Yersinma enterocolitica; the patient was treated with co-trimoxazole and recovered.
Discussion
In the absence of hepatic cytolysis the serum ferritin concentration is generally considered to be a good indicator of iron stores." Nevertheless, it has recently been reported that part of the iron in the plasma of patients with thalassaemia major may not be bound to transferrin. This abnormal serum iron fraction was chelatable by exogenous transferrin or by desferrioxamine and was associated with high serum ferritin concentrations; the transferrin iron saturation was over 80% in these cases. 1819 Although this unbound fraction of iron was not sought in our group 1, we hypothetise that ifit were present it might be implicated in the alteration of neutrophil phagocytosis and myeloperoxidase activity. The negative correlation between phagocytosis in patients' serum and the ferritin concentration would support this hypothesis. That excess iron accumulates in neutrophils of polytransfused patients may be shown by Perls' test, but the chemical nature of the iron and the mechanism of its penetration into these cells are unclear.
The toxicity ofiron for neutrophils may be due to the formation of excess oxidant radicals.20 These radicals might alter phagocytosis through peroxidation of neutrophil membrane lipids.2'22 The toxic effect of iron on myeloperoxidase was described in 1959. 23 Despite the deficiency of myeloperoxidase activity observed in group 1 the killing of Staph aureus was normal, possibly because of excess oxidant radicals formed in the presence of iron.
The complete restoration of normal phagocytotic activity in three out of four patients treated with desferrioxamine may be explained by the chelation of the toxic iron by this agent. This hypothesis is supported by our observation in case 3; in this patient interruption of treatment with desferrioxamine resulted in an alteration of phagocytosis previously returned to normal by desferrioxamine.
Our data confirm recent in vitro studies in which neutrophil phagocytosis was altered in an iron enriched medium and corrected by desferrioxamine added to the medium.24 The use of desferrioxamine in patients with iron overload may, however, be hazardous, as shown by our case 2. Desferrioxamine may precipitate severe Y enterocolitica infections by acting as a siderophore for this species and providing the iron necessary for virulence and growth.2"
Our study shows that blood transfusions must be administered with the utmost caution in dialysis centres and that systematic iron treatment should be avoided owing to the risk of haemosiderosis and the consequent deleterious effect on the defences against infection, mediated at least partially through impairment of neutrophil function.
